Microglia and astrocytes are the major target cells for HIV-1 infection in the central nervous system (14, 22, 49) . Direct infection of astrocytes has been well documented in pediatric and, to a lesser extent, adult AIDS patients (1, 36-38, 46-49, 51) . One of the unique features of HIV-1 infection of astrocytes is nonproductive viral replication, which is due to inefficient virus entry and restricted viral gene expression (5, 6, 8, 43, 47, 48) . Astrocytes are therefore an excellent model for studying the molecular mechanisms of HIV-1 replication and for developing novel strategies for anti-HIV therapeutics.
Productive HIV-1 replication requires efficient Rev-dependent nuclear export of unspliced and singly spliced viral RNA for viral gene expression and replication of viral genomic RNA (7) . HIV-1 Rev binds to an RRE RNA sequence present in all unspliced and incompletely spliced viral mRNA transcripts, and it transports these mRNAs from the nucleus into the cytoplasm (29, 30) . This is believed to be the rate-limiting step in regulating expression of RRE-containing HIV-1 mRNAs. Several cellular factors have been identified as involved in the Rev-mediated nuclear export pathway; these include CRM1 (9, 11) , eIF5-A (42) , and Rip/Rab (3, 10) . Whether these cellular factors contribute to restricted HIV-1 gene expression in astrocytes remains unknown.
Evidence has accumulated to suggest that the inability of astrocytes to sustain HIV-1 gene expression is a result of multiple postentry restrictions in the viral life cycle (for a review, see reference 4). One of the restrictions is inadequate Rev function, which prevents expression of viral structural components from these incompletely spliced and unspliced mRNA transcripts in astrocytes (20, 27, 34) . However, the molecular mechanisms of Rev function impairment in astrocytes are largely unknown.
To characterize the molecular mechanisms underlying restricted HIV-1 gene expression in astrocytes, we attempted to systematically profile gene expression in HIV-1-infected and uninfected astrocytes by using the subtractive cDNA cloning strategy. In this paper, we report that HIV-1 infection significantly down-regulated constitutive expression of Sam68 in U87.MG astrocytic cells and that HIV-1 infection-induced down-regulation of Sam68 was specific to U87.MG cells, which expressed considerably lower levels of constitutive Sam68 protein. Expression of exogenous Sam68 was able to restore Rev function and, to some extent, HIV-1 production in U87.MG cells. Moreover, Sam68 was found to specifically interact with Rev and to promote Rev nuclear export.
MATERIALS AND METHODS
Abbreviations. The abbreviations used in this paper are as follows: HIV-1, human immunodeficiency virus type 1; Sam68, Src-associated protein in mitosis; RRE, Rev-responsive element; HA, hemagglutinin; RTase, reverse transcriptase; LTR, long terminal repeat; MLV, Moloney murine leukemia virus enve-lope; VSV-G, vesicular stomatitis virus envelope; p.i., postinfection; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PBMCs, peripheral blood mononuclear cells; CAT, chloramphenicol acetyltransferase; GFP, green fluorescence protein; RFP, red fluorescence protein; DAPI, 4Ј,6Ј-diamidino-2-phenylindole.
Cell cultures and transfections. U87.MG, U138.MG, Jurkat, CEM, and 293T cells were purchased from the American Type Culture Collection and maintained in either Dulbecco's modified Eagle's medium (U87.MG, U138.MG, and 293T cells), or RPMI 1640 medium (Jurkat and CEM cells) supplemented with 10% fetal bovine serum at 37°C with 5% CO 2 . U87.MG cell lines stably expressing exogenous Sam68 were obtained by transfection of a Sam68 expression cassette, pc3.Sam68 (see below), followed by G418 selection (200 g/ml). Cell transfections were performed by the standard calcium phosphate precipitation method.
Plasmids. HIV⌬env.GFP, HIV⌬env.CAT, MLV env, and VSV-G env expression plasmids have been described elsewhere (14) . The sources of other plasmids used in the studies were as follows: HIV⌬env, M. Emerman (23); pSam68.HA, T. Ishidate (18) ; pSG5.Sam68, S. Courtneidge (25) ; pc.Rev and M10, B. Cullen (28) ; pGFP.Rev, R. Brack-Werner (27) ; pRRE-CAT, T. Hope (17) ; and pSV2-CAT, J. Roth (41) . The standard PCR cloning technique was used to construct the following expression plasmids, with the templates, primers, and cloning backbones (with restriction enzyme sites underlined) shown in parentheses: pc3.Sam68 (pSG5.Sam68, 5Ј-GGGGTACCATGCAGCGCCGGGACGAC-3Ј and 5Ј-GGAATTCTTAATAACGTCCATATGGGTG-3Ј, pcDNA3), pAs.Sam68 (pSG5.Sam68, 5Ј-TAATGAATTCATGCAGCGCCGGGACGAC-3Ј and 5Ј-G GAATTCTTAATAACGTCCATATGGGTG-3Ј, pcDNA3), pRev.Flag (pc.Rev, 5Ј-GGAATTCTATGGCAGGAAGAAGCGGA-3Ј and 5Ј-GGGGTACCCTAT TCTTTAGTTCCTGACTC-3Ј, pFlag.CMV-1 from Eastman Kodak), pM10.Flag (pM10, with the same primers and backbone as those for pRev.Flag), pSam68.RFP (pSG5.Sam68, 5Ј-TCGAGCTCAAATGCAGCGCCGGGACGAC-3Ј and 5Ј-G GAATTCTTAATAACGTCCATATGGGTG-3Ј, pDsRed1-C1 from Clontech [Palo Alto, Calif.]), pRev.RFP (pc.Rev, 5Ј-GGAATTCTATGGCAGGAAGAA GCGGA-3Ј and 5Ј-GGGGTACCTTCTTTAGTTCCTGACTCCAA-3Ј, pDsRed1-C1), pGFP.M10 (pM10, with the same primers as those for pRev.RFP above, pGFP-C1 from Clontech). Sam68 in-frame deletion mutants pSam68⌬R1.HA, pSam68⌬X1.HA, and pSam68⌬R5.HA were made by digesting pSam68.HA with the existing unique restriction enzyme sites EcoRI, XhoI, and EcoRV, respectively, and religating the digested parental vector DNA. All recombinant plasmids were verified by sequencing, and functional activities of pRev.Flag, pRev.GFP, pM10.Flag, and pM10.GFP were confirmed by both an RRE-mediated reporter gene assay and an in trans complementation assay.
mRNA isolation and cDNA subtractive hybridization cloning. U87.MG cells were infected with HIV-GFP reporter viruses, and infected cells were separated from uninfected cells by flow cytometry using GFP as a marker. mRNA was isolated from HIV-infected and uninfected cells by using the Micro-FastTrack 2.0 Kit (Invitrogen). cDNA subtractive hybridization was performed using the PCR-Select cDNA Subtraction Kit (Clontech) according to the manufacturer's instructions. After hybridization, differentially expressed transcripts were amplified by suppressive PCR, cloned, and sequenced. Sequence analysis was conducted by using the BLAST homology search program.
Preparation of whole-cell, cytoplasmic, and nuclear lysates. Cells were washed twice with ice-cold phosphate-buffered saline and then harvested for whole-cell, cytoplasmic, or nuclear lysates by methods described previously (21) . Briefly, cell pellets were resuspended in 2 volumes of whole-cell lysis buffer (10 mM NaHPO 4 , 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 0.2% sodium azide, 0.5% sodium deoxycholate, 0.004% sodium fluoride, and 1 mM sodium orthovanadate) and incubated on ice for 10 min. Whole-cell lysates were obtained by centrifugation and removal of the cell debris. To prepare cytoplasm and nuclear lysates, the cells were washed twice with phosphate-buffered saline and resuspended in cell lysis buffer (0.5% NP-40, 10 mM Tris-HCl [pH 8.0], 10 mM NaCl, 3 mM MgCl 2 , 0.1 mM EGTA, 0.5 mM dithiothreitol, 1 mM (each) phenylmethanesulfonyl fluoride and sodium orthovanadate, 2 mg of leupeptin/ ml, and 2 mg of aprotinin/ml). After a 10-min incubation on ice, the cell suspension was spun at 500 ϫ g at 4°C for 5 min. The supernatant was recovered as a cytoplasmic lysate, while pellets were saved as cell nuclei. Nuclei were then washed twice in the cell lysis buffer, followed by extraction for 10 min on ice with the whole-cell lysis buffer. Cell debris was removed by centrifugation at 12,000 ϫ g at 4°C for 10 min. The resulting supernatant was saved as a nuclear lysate.
Northern and Western blot analyses. Total cellular RNA was isolated by using Gibco/BRL's Trizol RNA isolation kit according to the manufacturer's instructions. After fractionation by electrophoresis, RNA was transferred to a Hybond-N nylon membrane (Amersham) and hybridized with 32 P-radiolabeled DNA probes at 42°C overnight. Radiolabeled probes were prepared with the Random Primed DNA Labeling Kit (Boehringer-Mannheim), followed by removal of unincorporated radionucleotides with a Centri-Spin 40 column (Princeton Separation). For Western blot analysis, cell lysates (25 g of protein) or immunoprecipitates with antibodies as indicated (1 mg of protein) were electrophoretically separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% acrylamide) gels and analyzed by immunoblotting using antibodies against either HA tag or Flag tag. The primary anti-Sam68, anti-HA, and anti-actin antibodies (Santa Cruz) and the primary anti-Flag antibody (M5; Sigma) were used at the dilutions recommended by the manufacturers. The blots were probed first with primary antibodies and then with appropriate horseradish peroxidase-conjugated secondary antibodies and were visualized with the ECL system (Amersham). Relative levels of protein or mRNA were determined by densitometric scanning of the blots using the housekeeping gene actin or GAPDH as an internal standard.
Preparation and infection of HIV-1 pseudotyped viruses and RTase assay. HIV-1 viruses pseudotyped with different envelope proteins were prepared as previously described (14) . Briefly, 293T cells (2 ϫ 10 6 cells per 10-cm plate) were transfected with 20 g of HIV-1 reporter plasmids (pHIV-GFP or pHIV-CAT) and 4 g of pMLV-env, pVSV-G, or pcDNA3 by the calcium phosphate precipitation method. Cell culture supernatants were collected 48 h after medium change, filtered, and saved as virus stocks. Viral gene expression and viral replication were determined by measuring RTase activity, as previously described (15) .
Digital fluorescence microscopic imaging analysis. Fluorescence images were captured by using a digital video imaging microscope system consisting of a Zeiss Model Axiovert 200 M microscope with a 40ϫ 1.4 UVF objective (Carl Zeiss) and an Axiovision video camera (Carl Zeiss). Images were analyzed on an IDE Imaging Workstation (Tegraf).
RESULTS

Down-regulation of Sam68 expression in U87.MG cells by HIV-1 infection.
In order to identify cellular factors responsible for restricted HIV-1 gene expression in astrocytes, we utilized the subtractive cDNA cloning strategy to compare gene expression profiles between HIV-infected and uninfected astrocytes. We infected a well-characterized human astroglial cell line, U87.MG cells, with VSV-G-pseudotyped HIV-GFP reporter viruses (14) . HIV-infected and uninfected cells were separated by flow cytometry for GFP expression. We then extracted mRNA, synthesized cDNA, and performed subtractive cDNA hybridization using the PCR-Select cDNA Subtraction Kit (Clontech). To confirm the reliability of subtractive cDNA cloning, Northern blot analysis was conducted using each of the isolated cDNA clones as a probe to hybridize against RNAs from HIV-infected and mock-infected U87.MG cells. Among the cDNA clones identified as affected by HIV-1 infection was the human Sam68 gene. Sam68 mRNA was down-regulated in U87.MG cells infected with 100 ng of p24 gag of VSV-G-pseudotyped HIV-GFP viruses by 71% (Fig. 1a) , which corresponded with the infection efficiency (about 69%) estimated by flow cytometry analysis for GFP expression.
To determine whether HIV-1 infection also led to a decrease in Sam68 protein expression, we infected U87.MG cells with VSV-G-pseudotyped HIV-GFP viruses, harvested cells at different time points p.i., and enriched HIV-infected cells for GFP expression by using flow cytometry. Western blot analysis showed that HIV-1 infection also resulted in a decrease in the Sam68 protein level, which began at 16 h, reached the lowest point at 32 h, and then recovered close to the initial level at 48 h (Fig. 1b, upper panel) . In contrast, protein expression of the control housekeeping gene actin showed little or no change (Fig. 1b, lower panel) . Moreover, Sam68 down-regulation in U87.MG cells was correlated with the amounts of VSV-Gpseudotyped HIV-GFP viruses used in the infection (data not shown). Based on these results, we used 24 to 32 h p.i. as the To ensure that the observed effects of HIV-1 infection on Sam68 expression were not due to the VSV-G envelope and/or the HIV-GFP reporter virus used, we also tested MLV, as well as the HIV-CAT reporter virus (16) . The results showed that MLV-pseudotyped HIV-GFP and HIV-CAT viruses downregulated Sam68 expression by about 60%, while VSV-Gpseudotyped HIV-GFP and HIV-CAT viruses down-regulated Sam68 expression by about 70% (Fig. 1c) , which corresponded with the infection efficiencies, 59% for MLV-pseudotyped viruses and 68% for VSV-G-pseudotyped viruses, at equal amounts of input virus (100 ng of p24 gag ). These results demonstrate that patterns of Sam68 down-regulation in U87.MG cells were basically identical, indicating that the observed down-regulation of Sam68 was due to postentry HIV-1 gene expression.
Rescue of HIV-1 Rev function in U87.MG cells by exogenous Sam68. To investigate whether HIV-1 gene expression-induced down-regulation of Sam68 is specific to astrocytes, we then examined Sam68 expression in HIV-infected human Tlymphoid cell lines and PBMCs, which support productive viral replication. To obtain a comparable level of infection efficiency (about 60%), the amounts of viruses used for infection of each cell type were adjusted on the basis of GFP expression. The results showed that HIV-1 infection caused no detectable changes in Sam68 expression in Jurkat T lymphocytes (Fig. 2a) , CEM cells, or PBMCs (data not shown). To ascertain that no changes in Sam68 expression were due to intracellular redis- tribution of Sam68 protein in these cells, as previously described for poliovirus (31), we determined Sam68 protein expression in the nucleus. Sam68 protein patterns in nuclei were similar to those in whole cells (Fig. 2b) . In addition, we noticed that constitutive Sam68 expression in U87.MG cells was about 30% of that in all three cells supporting productive HIV-1 replication (e.g., Jurkat cells [ Fig. 2a]) . These results demonstrate that HIV-1 infection does not down-regulate Sam68 expression in cells supporting productive HIV-1 replication, indicating that the observed down-regulation of Sam68 was specific to astrocytes. Since Sam68 has recently been shown to substitute for and synergize with HIV-1 Rev function (39) , and our data indicate that HIV-1 gene expression down-regulates constitutive Sam68 expression in astrocytes, we decided to examine the effects of Sam68 expression on Rev function and HIV-1 production in astrocytes. To this end, we performed the Rev-dependent RRE-CAT reporter gene assay (17, 39) . We rationalized that more exogenous Sam68 would be needed to activate Rev (RRE)-dependent gene expression in cells expressing a lower level of constitutive Sam68 protein, and vice versa. Thus, we transfected U87.MG cells with the RRE-CAT reporter plasmid (17) in combination with either a Rev expression plasmid or a Sam68 expression plasmid, or both. We also included 293T cells, which have been used in previous studies (39) , and the Rev (RRE)-independent SV2-CAT reporter plasmid (41) , as controls in these transfections. The results showed that Rev expression transactivated RRE-CAT expression by 53.6% in 293T cells (Fig. 3a, top) but increased RRE-CAT expression by only 15.9% in U87.MG cells (Fig. 3b, top) , although both cell lines exhibited similar levels of Rev-independent SV2-CAT expression (Fig. 3, bottom) . These results were consistent with the previous findings that Rev responsiveness is impaired in astrocytes (20, 27, 34) . In contrast to the previous results (39), Sam68 expression alone exhibited little or no effect on RRE-CAT expression in 293T cells or U87.MG cells (Fig. 3a  and b, top) . Moreover, compared to Rev expression alone, coexpression of Sam68 and Rev increased RRE-CAT expression by 49.1% in U87.MG cells (Fig. 3b, top) but only 6.8% in 293T cells (Fig. 3a, top) . The enhancement of Rev-dependent RRE-CAT activity by Sam68 expression in U87.MG cells was comparable to that by Rev expression alone in 293T cells. These results demonstrated that expression of exogenous Sam68 was able to relieve impaired Rev function in U87.MG cells, and they raised the possibility that a lower level of constitutive Sam68 expression followed by further down-regulation by HIV-1 infection may contribute to restricted HIV-1 gene expression in astrocytes.
Enhancement of HIV-1 production in U87.MG cells by expression of exogenous Sam68. To investigate the possibility mentioned above, we elevated endogenous Sam68 expression in astrocytes and examined its effects on HIV-1 gene expression in these cells. We stably introduced a Sam68 expression cassette, pc3.Sam68, into U87.MG cells, and stable expression of Sam68 in these cells was analyzed by Western blot analysis. The results showed that stable introduction of exogenous Sam68 gene increased constitutive Sam68 expression in U87.MG cells by a range of 60 to 90% (data not shown). We then selected two representative clones, clones 41 and 57 (Fig.  4a) , which exhibited 89 and 57% increases in Sam68 protein levels, respectively, and transfected them with HIV-1 NL4-3 proviral DNA. We monitored these cells for virus production for 12 consecutive days. The results showed that expression of exogenous Sam68 had little or no effect on the kinetics of virus production in U87.MG cells (48) but increased maximal virus production 2.7-and 2.3-fold in two different Sam68-expressing clones (Fig. 4b) . The increase in virus production was consistent with the results obtained from the RRE-mediated reporter gene assay (Fig. 3b, top) . Interestingly, we also detected considerable levels of virus production in these two stable U87.MG clones even at day 12 posttransfection, when there is little or no virus production in the parental U87.MG cells (Fig.  4b) . The viruses collected from these two Sam68 stable cell clones at day 12 were able to infect and replicate in freshly isolated PBMCs (data not shown), suggesting that the progeny viruses were infectious. These results together demonstrated that despite the ability of Sam68 to fully restore Rev function in U87.MG cells, elevating Sam68 expression only modestly increased HIV-1 production in these cells, further supporting the notion that there are multiple restrictions of HIV-1 gene expression in astrocytes.
Direct interaction of Sam68 with Rev. Our results demonstrated that Sam68 was able to restore Rev function in RREdependent gene expression (Fig. 3b, top) and accordingly im- reporter DNA, in combination with 3 g of the Rev expression plasmid pc.Rev and/or the Sam68 expression plasmid pc3.Sam68. pcDNA3 was used to equalize the total amounts of DNA transfected among all transfections. pCMV␤Gal was included to normalize variations of transfection efficiency among all transfections. CAT activity was determined by using cell lysates prepared 48 h posttransfection, as previously described (14, 15) , and is expressed as a percentage of conversion. The CAT activity was determined to be in the linear range. . These results demonstrated that Sam68 bound to Rev and that these two amino acid residues within the nuclear export signal region of Rev were directly involved in Rev binding to Sam68.
We also made a series of Sam68 deletion mutants to identify the region(s) of Sam68 that was involved in its binding to Rev. Three C-terminal deletion mutants of Sam68 were constructed using the existing unique restriction sites (Fig. 5c) , transfected into 293T cells in the presence of Rev, and analyzed for their binding to Rev by using a similar strategy. Expression of all Sam68 mutants (Fig. 5d , panel WB:HA) and Rev (Fig. 5d , panel WB:M5) was confirmed by Western blotting. Immunoprecipitation with M5 followed by Western blotting with HA showed that deletion of amino acids 410 to 433 of Sam68 (mutant designated Sam⌬R1) did not affect Sam68 binding to Rev (Fig. 5d , panel IP:M5/WB:HA). However, deletions of amino acids 321 to 433 (mutant designated Sam⌬X1) or amino acids 263 to 433 (mutant designated Sam⌬R5) of Sam68 abolished Sam68 binding to Rev (Fig. 5d , panel IP:M5/WB:HA). Conversely, immunoprecipitation with HA antibody followed by Western blotting with M5 antibody showed similar results (Fig. 5d , panel IP:HA/WB:M5). These data together demonstrated that the region between amino acids 321 and 410 of Sam68 is directly involved in Sam68 binding to Rev.
Rev nuclear export by Sam68 expression. The primary function of Rev is to transport RRE-containing viral RNAs from the nucleus to the cytoplasm (19, 32, 40) . Our findings that Sam68 was able to restore Rev function in astrocytes and that Sam68 directly interacted with Rev raised the possibility that Sam68 is involved in the dynamics of Rev protein between the nucleus and the cytoplasm. To address this possibility, we transfected U87.MG cells with Rev alone or together with Sam68 and determined the effects of Sam68 expression on Rev distribution between the nucleus and the cytoplasm by subcellular fractionation followed by Western blot analysis. The results showed that, as expected, Rev was mostly expressed in the nucleus (Fig. 6a) . When coexpressed with Sam68, Rev protein levels were decreased by 69% in the nucleus and accordingly increased by 51% in the cytoplasm (Fig. 6a) . Sam68 expression-induced Rev nuclear export appeared to be much more dramatic in 293T cells (Fig. 6b) , which gave rise to a higher transfection efficiency (data not shown). More importantly, no detectable changes in Rev subcellular distribution were noted in 293T cells when Sam68 was replaced by the Sam68⌬R5 mutant (Fig. 6c) or when Rev was replaced by M10 (Fig. 6d) . Taken together, these results demonstrate that Sam68 expression promoted Rev nuclear export by direct interaction of Sam68 with Rev.
To further ascertain the role of Sam68 in Rev nuclear export, we utilized GFP-or RFP (Clontech)-tagged Rev and Sam68, i.e., Rev.GFP and Sam68.RFP, and the digital fluorescence microscopic imaging technique to directly examine the relationship between Sam68 expression and intracellular localization of Rev. We transfected U87.MG cells, as well as another astroglial cell line, U138.MG cells, with Rev.GFP, Sam68.RFP, or both. We also included 293T cells as a nonastroglial control. We then fixed the cells in 2% paraformaldehyde and stained the cells with DAPI (blue fluorescence) to locate the nucleus. The results showed that when expressed alone, Rev, identified by green fluorescence, was mainly localized in the nucleus or nucleoli in all transfected cells (Fig. 6e , panel A), while Sam68, identified by red fluorescence, was also mainly localized in the nucleus (Fig. 6e, panel B) . When coexpressed, Rev protein was significantly shifted into the cytoplasm (Fig. 6e, panel C) , while Sam68 protein was localized mostly on or close to the nuclear membrane (Fig. 6e, panel D) .
Colocalization analysis showed that Rev and Sam68 proteins were colocalized (identified by orange color) more often on or close to the nuclear membrane (Fig. 6e, panel E) . Comparable results were obtained with U138.MG cells (Fig. 6e , panels F through J), while more dramatic Rev cytoplasmic localization was noted in 293T cells (Fig. 6e , panels K through O), which was consistent with the previous data ( Fig. 6a and b) . To determine the specificity of Sam68-induced Rev nuclear export, we also transfected 293T cells with M10 tagged with GFP (M10.GFP), alone or in combination with Sam68.RFP. The results showed that when expressed independently, both M10 and Sam68 were localized in the nucleus, as expected (Fig. 6e , panels P and Q). Coexpression of Sam68 did not exhibit any detectable effects on the nuclear localization of M10 (Fig. 6e, panel R) or of Sam68 itself (Fig. 6e, panel S) . Moreover, little or no colocalization of Sam68 and M10 was noted (Fig. 6e, panel T) .
Taken together, these results further demonstrated that Sam68 expression facilitated the export of Rev protein from the nucleus to the cytoplasm, and they suggest that a lower level of constitutive Sam68 expression followed by HIV-1 infection-induced down-regulation may impair Rev nuclear export and thereby Rev function in astrocytes. (21) . pcDNA3 was used to equalize the total amount of DNA transfected among all transfections. Protein expression was detected by Western blotting using antibodies against Rev, Sam68, and actin, and levels were expressed as described above. (e) Rev nuclear export depicted by digital fluorescence microscopic imaging. U87.MG (panels A through E), U138.MG (panels F through J), and 293T (panels K through O) cells were transfected with Rev.GFP, Sam68.RFP, or both, as indicated. pM10.GFP was also included in 293T transfections (panels P through T). pcDNA3 was used to equalize the total amount of DNA transfected among all transfections. Cells were stained with 1 ng of DAPI/ml for the nuclei (blue fluorescence) 48 h after transfection and were then processed for digital fluorescence microscope imaging. In order to compare intracellular protein distribution among samples, images were taken with a constant exposure time with each fluorescent filter. Colocalization was analyzed by overlaying the images taken under the fluorescein isothiocyanate filter with those taken under the rhodamine filter and was identified by orange color.
DISCUSSION
It has been generally accepted that a block in Rev function contributes to the inability of astrocytes to support productive HIV-1 gene expression. Our results obtained from subtractive cDNA gene expression profiling showed that HIV-1 infection down-regulated Sam68 protein expression (Fig. 1) . HIV-1 infection of cells supporting productive viral replication, e.g., Jurkat T lymphocytes, did not exhibit any detectable effects on Sam68 expression (Fig. 2) , which may be due to a higher level of constitutive Sam68 expression in those cells and/or an unknown cell type dependence of Sam68 protein. The precise mechanisms of HIV-1 infection-induced Sam68 down-regulation in astrocytes are still under active investigation.
The differences in HIV-induced Sam68 down-regulation and constitutive Sam68 expression between cells supporting productive HIV-1 replication and astrocytes, along with the published results showing that Sam68 can function alone or with Rev in HIV-1 replication (39), prompted us to further characterize the roles of Sam68 protein in interaction between astrocytes and HIV-1 gene expression. We first asked whether Sam68 expression would relieve a Rev function block in astrocytes. The results showed that Sam68 expression restored Rev function almost to the full extent in the RRE-dependent reporter gene assay (Fig. 3b) (Fig. 4b) , suggesting that other restrictions of HIV-1 gene expression exist in astrocytes. These may include transcriptional and translational suppression of viral genes (13, 26, 35) , as well as improper posttranslational processing of viral proteins (44) . In agreement with a previous report (27) , we also observed that U87.MG and U138.MG astrocytes appeared to express more Rev in the cytoplasm (Fig. 6e, panels A and F) .
A recent study has further demonstrated that a defect in Rev nuclear import may also contribute to impaired Rev function in astrocytes (33) . In contrast with other published results (39), our results showed that Sam68 alone was not able to substitute for Rev in an RRE-mediated reporter gene assay (Fig. 3) . Moreover, our results showed that only marginally synergistic effects between Sam68 and Rev were obtained in 293T cells (Fig. 3a) , which was also confirmed in another recent study (45) . This discrepancy can be attributed to the different levels of endogenous Sam68 expression in the cells that were used, as we demonstrated that Sam68 was able to function with Rev only in U87.MG cells, which expressed a lower level of constitutive Sam68 protein (Fig. 2a) .
Sam68 was first identified as a tyrosine-phosphorylated protein in Src-transformed NIH 3T3 cells (12, 52) and has been shown to be involved in intracellular signal transduction and RNA metabolism (50) . Sam68 has recently been demonstrated to preferentially bind to an RNA sequence, UAAA (24), which we located within stem I of RRE. Although these findings corroborated the previous report that Sam68 interacts with RRE in a specific manner (39) , extensive studies have shown that only stems IIB and IID of RRE are required for Rev binding and thus Rev-mediated nuclear export of viral RNAs (2). Our results showed that Sam68 bound to Rev (Fig. 5) and promoted Rev nuclear export in the absence of RRE-containing RNAs (Fig. 6) . Thus, Sam68 binding to RRE may not be necessary for the Sam68 function in Rev nuclear export. In addition, a very recent study has demonstrated that the dominant-negative Sam68⌬C mutant, in which the C-terminal nuclear localization signal has been deleted, inhibits Rev activity by causing perinuclear accumulation of unspliced RRE-containing RNAs (45) , further suggesting that the effects of Sam68 and the dominant-negative Sam68 mutant on Rev function may be mediated by different mechanisms. However, the precise roles of Sam68 protein in the Rev nuclear export pathway and HIV-1 gene expression remain to be elucidated.
